Despite the intensive research on plant chitinases, largely bolstered by their antifungal properties, little is known at present about the structure-activity relationships of these enzymes. Here we report the identification of essential active site residues in endochitinase Ch3, a class I enzyme abundant in chestnut seeds. Knowledge-based protein modeling as well as structural and sequence comparisons were performed to identify potential catalytic residues. Different mutated proteins were then generated by site-directed mutagenesis, expressed in Escherichia coli, and characterized for their chitinolytic activity. Glu124 and Glu146, the only carboxylic residues properly located into the active site cleft to participate in catalysis, were both mutated to Gln and Asp. Our results suggest that Glu124 functions as the general acid catalyst whereas Glu146 is likely to act as a general base. Other mutations involving three highly conserved active site residues, Gln173, Thr175, and Asn254, also impaired the chitinolytic activity of Ch3. The effects of these variants on the fungus Trichoderma viride revealed that catalysis is not necessary for antifungal activity. Similarly to its homologous nonenzymatic polypeptides hevein and stinging nettle lectin, the N-terminal chitin-binding domain of Ch3 appears to interfere itself with hyphal growth.
Introduction
Plant cells synthesize a broad array of proteins capable of binding chitin or related GlcNAc-containing polymers. These chitin-binding proteins have been found in widely divergent species and constitute an heterogeneous group with respect to their structure, localization, and properties (for reviews, see Chrispeels and Raikhel, 1991; Raikhel et al., 1993) . Among the most widely studied chitin-binding proteins of plants are some endochitinases (EC 3.2.1.14), which catalyze the random cleavage of internal β-1,4 glycosidic linkages in the chitin polymer. Since antifungal activity was first demonstrated for a bean endochitinase (Schlumbaum et al., 1986) , intensive research has substantiated the notion that the major natural role for these enzymes is defense, without excluding other functions in plant development and growth (Collinge et al., 1993) . Significant in this context is the recent finding that transgenic plants with enhanced chitinase levels have reduced susceptibility to fungal disease (e.g., Broglie et al., 1991; Jach et al., 1995; Grison et al., 1996) .
On the basis of their primary structure, plant chitinases have been grouped into several classes (Collinge et al., 1993; Meins et al., 1994) . Class I, II, and IV chitinases have homologous catalytic domains and constitute family 19 of glycosyl hydrolases (Henrissat and Bairoch, 1993) . Moreover, class I and IV enzymes have an N-terminal cysteine-rich extension highly similar to the chitin-binding domain of wheat germ agglutinin and other lectins (Shinshi et al., 1990; Raikhel et al., 1993) . Class III and V enzymes are included in family 18 of glycosyl hydrolases, which is more diverse and also comprises bacterial, fungal, and animal chitinases.
Few experimental studies have addressed the identification of essential residues for substrate binding and hydrolysis in these enzymes. Moreover, only the three-dimensional structure of a family 19 (class II) chitinase from barley seeds (Hart et al., 1993 (Hart et al., , 1995 Song and Suh, 1996) and two family 18 enzymes, plant hevamine (Terwisscha van Scheltinga et al., 1996) and a bacterial chitinase (Perrakis et al., 1994) , have been solved. The latter two enzymes have similar catalytic α/β-barrel domains and substrate binding sites. Barley chitinase has a different overall topology, showing limited structural similarity to animal and phage lysozymes (Holm and Sander, 1994) . Such resemblance, along with observations that both types of enzymes have overlapping substrate specificities, have led to the proposal that lysozymes and family 19 chitinases have related catalytic mechanisms (Verburg et al., 1992; Holm and Sander, 1994) . However, recent stereochemical studies have shown that family 19 enzymes hydrolyze chitin with inversion of the anomeric configuration, whereas most lysozymes and family 18 chitinases display a retaining mechanism (Fukamizo et al., 1995; Iseli et al., 1996) . Within family 19 enzymes, a tyrosine residue has been recognized as relevant for productive substrate binding, but not for catalysis (Verburg et al., 1992 (Verburg et al., , 1993 . More recently, experimental evidence has been obtained suggesting that in barley chitinase two glutamic acid residues are essential for catalysis (Andersen et al., 1997) , as previously hypothesized from structural studies and comparisons with lysozyme (Holm and Sander, 1994; Hart et al., 1995) .
Due to their greater antifungal activity, either alone or in combination with other defensive proteins, class I endochitinases have attracted particular attention from plant biotechnologists. In this report a structure-activity analysis has been undertaken using a class I enzyme from chestnut (Castanea sativa Mill.) seeds as model (Collada et al., 1992; Allona et al., 1996) . Knowledgebased protein modeling, site-directed mutagenesis, and heterologous expression in Escherichia coli have been performed to identify residues involved in chitin hydrolysis. In addition, this strategy has allowed us to examine the antifungal properties of a class I chitinase in the absence of hydrolytic activity. Fig. 1 . Comparison of the complete amino acid sequences of class I chitinase Ch3 (297 aa), mature hevein (43 aa), and class II chitinase Horv2 (243 aa). Besides the catalytic domain (residues 58-297), Ch3 has a short hinge region and an N-terminal chitin-binding domain (residues 1-41) absent in class II chitinases. This domain is homologous to hevein and to a structural motif present in all known chitin-binding proteins (Chrispeels and Raikhel, 1991) . The catalytic domain of Ch3, modeled in this work, has ten α-helical segments, labeled H1 through H10. Nonidentical residues in the overlapping domains are indicated by asterisks. The positions chosen for site-directed mutagenesis (arrowheads) and the three disulfide bonds of Horv2, presumably conserved in Ch3, are also indicated.
Results

Target amino acids for site-directed mutagenesis
Class I endochitinase Ch3 (Allona et al., 1996) was chosen for this study. Comparison of its amino acid sequence with that of Horv2, the class II chitinase from barley seeds, revealed the similarity between the catalytic domains of both proteins (Figure 1) . Moreover, the cysteine residues of Horv2 are conserved at equivalent positions in Ch3, suggesting identically located disulfide bridges. The barley enzyme is the only member of family 19 glycosyl hydrolases for which crystallographic data are available. On the basis of its x-ray structure and the alignment of Figure 1 , a model was constructed for the catalytic domain of Ch3 (residues 58-297). The overall fold corresponds to a globular all-α domain, with 10 helical segments (labeled H1 through H10 in Figure 1 ) encompassing approximately half of the linear sequence. The remaining residues are essentially in loops connecting these structural elements. A ribbon diagram of the predicted three-dimensional structure of Ch3 is shown in Figure 2 (top). As expected, the helical arrangement is very similar to that reported for barley chitinase, although helix 4 is not distorted in Ch3 by the presence of a central proline. Three hypothetical disulfide bonds, formed by cysteine pairs 80-142, 153-160, and 258-290 , are positioned in separated loops, probably contributing to reduce their flexibility. The thiol group of a seventh cysteine residue (Cys277) appears to be unbound. The Richards solventexcluded surface of Ch3 was also modeled, highlighting its putative active site: a prominent, elongated groove that runs along one side of the catalytic domain (Figure 2 , bottom). Assuming that general acid catalysis takes place, several reasons point towards Glu124 as responsible for protonating the glycosidic linkage: (1) its side chain protrudes towards the center of the groove; (2) when binary comparisons of C α coordinates are performed, Glu124 superimposes with the well established proton donor residue (Glu35) in chicken egg white lysozyme (CEWL) or the structurally equivalent residue (Glu67) in Horv2; (3) similarly to Glu35 in CEWL, it lies at the C-terminal end of a helix (H3); and (4) it is located in a highly invariant region among class I chitinases (Figure 3 ). By contrast, no residues could be found in Ch3 spatially equivalent to the second catalytic residue of lysozymes (Asp52 in CEWL). The nearest Asp residues, Asp263 and Asp264, lie too far apart from Glu124. Furthermore, the imidazole group of His123 and the guanidinium group of Arg270 are interposed between Glu124 and the two aspartate residues. Glu146, which harbors the closest carboxylate group to Glu124 (9.7 Å between C α atoms) and appears fully conserved among class I chitinases (Figure 3 ), seems a more likely candidate. Mutations were therefore designed to test these predictions, as well as to analyze the role of three highly conserved residues, Gln173, Thr175, and Asn254, positioned at the putative active site and also hypothesized to be relevant for enzyme function (see Discussion).
Construction and bacterial expression of mutant chitinases
Single substitutions of Glu124, Glu146, Gln173, Thr175, and Asn254 were achieved by mutagenic PCR (Landt et al., 1990) . Although high expression levels had been previously reported for wt Ch3 in E.coli BL21(DE3), several degradation products were also immunodetected in the bacterial extracts (Allona et al., 1996) . Here this problem was overcome by a combination of lower incubation temperature (25_C), shorter induction periods (up to 1 h), and expression in host cells carrying plasmid pLysS, which inhibits background foreign gene transcription (pET System Manual, Novagen). As shown in Figure 4 , under these conditions a single gene product of the expected size was recognized by monospecifc antibodies against Ch3 in all samples except the negative control (cells transformed with vector). The expression levels of soluble recombinant Ch3 (wt and mutant forms) were low and approximately the same in all cases: 0.3-0.4 µg of recombinant protein per ml of culture medium.
In vitro chitinolytic activity of recombinant proteins
Due to the nature of the reaction catalyzed by endochitinases, carrying out detailed kinetic analyses of these enzymes is considerably complex (Boller et al., 1983; Verburg et al., 1993) .
Fig. 2.
Modeled three-dimensional structure of Ch3. Top, ribbon diagram corresponding to the catalytic domain of endochitinase Ch3 (residues 58-297). Atomic coordinates were predicted using Swiss-Model (Peitsch, 1995) and crystallographic data for Horv2 (PDB entry 2BAA). The two proposed catalytic residues, E124 and E146, are drawn in ball-and-stick representation. This figure was prepared with MOLSCRIPT (Kraulis, 1991) . Bottom, Richards solvent-excluded surface of the same domain. The ray-traced figure (rotated clockwise 90_ about the y-axis with respect to the top panel) was generated with MOL2POV/POVRAY as described by Fernandez-Pacios (1997) . The prominent groove that runs along the surface of Ch3 is indicated by a dashed line, and the position of residues E124 (top) and E146 (bottom) by arrowheads.
A comparison was made of the specific activities shown by wt and mutated recombinant chitinases as measured by a colorimetric assay that uses the soluble dye-labeled substrate CM-chitin-RBV (Table I) . The wt recombinant enzyme hydrolyzed this substrate with ∼90% the efficiency of seed Ch3, indicating that bacterial expression Fig. 3 . Amino-acid conservation around the predicted catalytic residues of Ch3. The primary structure of the Ch3 region adjacent to Glu124 and Glu146 (amino acids 118-151) is shown in the horizontal axis. Swiss-Prot (release 34) and EMBL (release 48) data banks were searched for class I chitinase sequences. After eliminating equivalent sequences with different entry names, the percentage of identical residues at each position was calculated from a multiple alignment generated with CLUSTAL (Higgins and Sharp, 1988) . Amino acids that also occur frequently at a given position are indicated in parentheses. The positions of Glu124 and Glu146 are indicated by asterisks.
Fig. 4. Immunodetection of wt Ch3 and its mutant forms expressed in E.coli.
Samples of IPTG-induced BL21(DE3)pLysS cells harboring recombinant and vector plasmid pET12 were fractionated by SDS-PAGE and electrotransferred to PVDF-membranes. Detection of recombinant chitinases (apparent M r 32,000) was with monospecific polyclonal antibodies against Ch3. Purified seed Ch3 (0.5 µg) was included as positive control.
does not significantly affect enzyme activity. When the hypothetical proton donor residue Glu124 was mutated to Gln and Asp, none of the two mutant proteins showed detectable activity towards the substrate. Rather, analogous substitutions of Glu146 resulted in active recombinant forms, although with very different specific activities. Whereas the functionally conservative substitution Glu146→Asp gave rise to a protein with nearly 60% of the original activity, very low specific activity (less than 1%) was associated with the isosteric mutation Glu146→Gln. Single substitutions were also made involving Gln173, Thr175, and Asn254, three highly conserved residues positioned near the Glu124-Glu146 pair. The Gln173→Leu and Asn254→Ile mutant proteins were deprived of detectable hydrolytic activity. By contrast, the Thr175→Ala mutant protein was approximately half as active as the wt enzyme.
The specific activity of the wt enzyme was also compared to that of the Glu146→Asp and Glu124→Asp mutant proteins at different pH values. As shown in Figure 5 , the activity fraction of the Glu146→Asp mutant relative to the wt enzyme remained essentially constant over a wide pH range. For both enzymes the rate of hydrolysis of CM-chitin-RBV was maximal at pH 5.2 and did not differ appreciably between this value and 7.5 (not shown). On the other hand, no changes were detected in the activity of the Glu124→Asp mutant protein at any pH tested. Because of significant precipitation of the recombinant enzymes at low pH, specific activities at pH values lower than 4.2 (down to 3.0) were not included in Figure 5 . Hydrolysis of CM-chitin-RBV was monitored spectrophotometrically. Specific activities were calculated by linear regression as in Wirth and Wolf (1990) . Percentages of residual specific activity relative to wt recombinant Ch3 are presented. Seed Ch3 was purified from mature chestnut cotyledons as in Collada et al. (1992) . Results are means of at least six independent assays $ SD. -, Activity not detectable.
Antifungal properties of mutated proteins
Different behaviors have been described for chitinases and other chitin-binding proteins with respect to their inhibitory effect on various fungi (Broekaert et al., 1989; Raikhel et al., 1993) . Class I chitinases are of particular interest in this context since they possess, besides the catalytic domain, an N-terminal extension homologous to hevein and other chitin-binding polypeptides with antifungal activity (see Figure 1 ; Shinshi et al., 1990; Chrispeels and Raikhel, 1991; Raikhel et al., 1993) . Given their different chitinolytic activities, wt Ch3 and its mutant forms should be useful to better define the antifungal properties of the two domains present in class I chitinases. Different amounts of recombinant proteins were assayed against the fungus T.viride growing on agar plates. Ch1, a class II endochitinase from chestnut seeds homologous to Ch3 (Collada et al., 1992) , was also included for comparison. Wt recombinant Ch3 and all mutated forms inhibited hyphal growth at ∼3 µg of enzyme per filter disc, and the same was true for seed Ch3. Purified seed Ch1 was effective at 10 µg per disc (not shown).
Similarly to other chitinases tested on T.viride (Mauch et al., 1988) , the observed inhibitory effect was quickly overcome by the fungus, which began to overgrow the inhibition zones within 16-24 h after the protein solutions had been applied. However, close examination by light microscopy of the mycelium developing around the discs revealed substantial differences among the samples tested ( Figure 6 ). Those extracts containing wt Ch3 or its mutated forms caused noticeable morphological alterations, regardless of their chitinolytic activity in vitro (compare Figures 6B and 6C with Figure 6A ). These alterations, mainly localized at the hyphal tips, included a marked reduction in size as well as abnormal growth of the mycelium. Measurements of hyphal width at subapical zones also revealed swelling in the presence of recombinant chitinases, both active (6.1 ± 0.5 µm in Figure 6B ) and inactive (5.7 ± 0.6 µm in Figure 6C ), as compared to the control (4.8 ± 0.5 µm in Figure 6A ). In addition, young hyphae were more branched than in the negative control (compare Figure 6E and 6F). By contrast seed Ch1, that lacks the chitin-binding domain, caused no detectable alterations other than a slight decrease in the number of hyphal tips
Discussion
Most glycosyl hydrolases, if not all, are thought to act by general acid catalysis involving carboxylic residues. This appears to be the case in family 18 chitinases, where evidence on the identity and roles of catalytic residues has been obtained by a combination of site-directed mutagenesis and structural studies (Watanabe et al., 1993; Perrakis et al., 1994; Terwisscha van Scheltinga et al., 1996) . We have undertaken here a similar approach to identify residues potentially involved in the catalytic mechanism of Ch3, a class I (family 19) chitinase with antifungal properties. Based on crystallographic data for the class II chitinase Horv2, a three-dimensional model was built for the catalytic domain of Ch3. A putative substrate binding cleft was then identified which is topologically similar to the active site of several glycosyl hydrolases (Ford et al., 1974; Monzingo et al., 1996; Terwisscha van Scheltinga et al., 1996) , and also resembles the active site of Horv2 (Hart et al., 1993 (Hart et al., , 1995 Song and Suh, 1996) . Through sequence comparisons with other class I chitinases and structural comparisons with Horv2 and lysozyme two residues within the cleft of Ch3, Glu124 and Glu146, were hypothesized to be directly involved in catalysis. In support of this view, replacement of Glu124 by the isosteric residue Gln deprived the recombinant enzyme of detectable chitinolytic activity. Moreover, the function of the carboxylic group of Glu124 could not be replaced by that of Asp at any pH tested (7.5 to 3.0), suggesting that the relative position of its carboxyl atoms to substrate is critical for activity, as expected for a general acid catalyst. On the other hand, replacement of Glu146 by Gln reduced drastically the activity of the enzyme but the Glu146→Asp mutant form retained about 60% of the wt activity. Analogous results have been reported when the catalytic nucleophile Asp residue of bacterial chitinase A1 (family 18) or that of CEWL were replaced by Glu (Malcolm et al., 1989; Watanabe et al., 1993) . Likewise, substitution in Horv2 of Gln for Glu89 has been recently shown to severely impair its activity, whereas the same substitution for Glu67 resulted in total inactivation (Andersen et al., 1997) . Although Fig. 6 . Morphological changes induced in T.viride hyphae upon exposure to chitinase variants. Light micrographs were taken at the inhibition zones 16 to 20 h after proteins had been applied to the paper discs. Samples: control (A); wt recombinant Ch3 (B); inactive mutant Glu124→Gln (C); purified seed chitinase Ch1 (D); control (E); half-active mutant Thr175→Ala (F). The total amount of chitinase laid on the discs was 3 µg (B, C, F) and 10 µg (D). The equivalent protein fraction from IPTG-induced bacteria transformed with vector was laid on control discs. No significant differences were observed between wt recombinant Ch3, seed Ch3, and any of the mutant proteins generated in this work. Scale bars, 30 µm.
folding rearrangements caused by the above mutations could not be ruled out, neither substitution of Gln for Glu67 and Glu89 in Horv2, nor analogous amino acid replacements at the active site of a number of glycosyl hydrolases had detectable effects on the protein structure. Glycosyl hydrolases display one of two general mechanisms leading to either retention or inversion of the anomeric configuration at the hydrolysis site. In both cases two acidic residues are directly involved in catalysis. Recent stereochemical studies have shown that, conversely to family 18 enzymes, a class I bean chitinase and an uncharacterized yam (family 19?) enzyme hydrolyze their substrate with overall inversion of the anomeric configuration (Fukamizo et al., 1995; Iseli et al., 1996) , as is the case for phage T4 lysozyme (Kuroki et al., 1995) . Assuming an inverting mechanism for Ch3, our results point towards Glu124 as the general acid catalyst and Glu146 as the general base that probably activates a water molecule for nucleophilic attack on the C-1 of the D sugar. The predicted distance between Glu124 and Glu146 is supportive of such a mechanism for Ch3, and is close to the 9-10 Å found on average between the two catalytic residues of inverting enzymes (Henrissat et al., 1995) . Indeed, although a double displacement mechanism was initially proposed for Horv2 by Hart et al. (1995) , these authors noticed that the active site of the barley enzyme had room for a water molecule when a hypothetical hexa-GlcNAc substrate was built into it. In our model of Ch3 the Oγ atom of Thr175 seems a likely candidate to hydrogen bond to such a water molecule. This assumption is supported, but not demonstrated, by the fact that the nonconservative substitution Thr175→Ala caused a 50% decrease in its specific activity. Two other active site residues, Gln173 and Asn254, adjacent to the catalytic pair Glu124-Glu146 and invariant among class I chitinases, were also chosen for site-directed mutagenesis. Because of the relative position of its side-chain, Gln173 is likely to make hydrogen bonds to the protein backbone, thus contributing to maintain the geometry of the active site. By contrast, Asn254 is more likely to be involved in hydrogen-bonding to chitin. These assumptions are compatible with the absence of activity found for the Gln173→Leu and Asn254→Ile mutant forms, although further studies will be required to elucidate the roles played by both residues. An Asn residue has been recently shown to contribute synergistically with Asp52 to the catalytic mechanism of CEWL (Matsumura and Kirsch, 1996) .
In several glycosyl hydrolases, including family 18 chitinases and lysozymes, the proton donor is a glutamic acid and the second catalytic residue is an aspartic acid, as expected from the formal pKa values of their carboxylic groups. By contrast, recent studies with Horv2 (Andersen et al., 1997) and the results reported here suggest that two glutamic acid residues participate directly in the catalytic mechanism of family 19 chitinases. In support of this hypothesis, close examination of the presumed active site of Ch3 revealed that (1) Glu124 is positioned at the C-terminus of helix 3, so that the pKa value of its carboxylic group can be raised by the helix dipole moment; (2) the hydrophobicity of the spatial neighboring groups to Glu124 and Glu146 propitiates higher pKa values for the carboxylate of the former residue (Table II) ; and (3) the carboxylic atoms of Glu146 appear to be more exposed to interactions with the solvent (Figure 2, bottom) The mutant proteins generated in this study, which include a class I chitinase inactivated by point mutation as well as forms with different specific activities, were also tested for their ability to inhibit the growth of T.viride in vitro. By constructing chimeric chitinase genes with and without chitin-binding domain, it has been previously suggested that such domain is essential for chitin binding but not for antifungal activity (Iseli et al., 1993) . However, mature hevein, stinging nettle agglutinin (UDA), built of two hevein-like domains, and some structurally related nonenzymatic peptides from amaranth (Ac-AMPs), have all been shown to inhibit fungal growth (Broekaert et al., 1989 (Broekaert et al., , 1992 Van Parijs et al., 1991) . Analysis of the morphological changes caused in the hyphal tips by wt Ch3, its mutant forms, and the homologous class II chitinase Ch1, which lacks a chitin-binding domain, suggests that both domains of class I chitinases alter apical growth, although through different mechanisms. The effects caused by Ch3, or any of its mutated forms, were different from those observed for fully active Ch1. Our results, as well as those reported for hevein and UDA, support the notion that the chitin-binding domain itself can disturb the balance between chitin synthesis and hydrolysis at the apical growth zones. Several lines of evidence have substantiated the biotechnological potential of chitinases and other chitin-binding proteins to counter plant fungal disease (Schlumbaum et al., 1986; Broglie et al., 1991; Raikhel et al., 1993; Jach et al., 1995) . The structure-function analysis reported here for a class I chitinase, as well as analogous approaches carried out recently for other plant chitinases (Watanabe et al., 1993; Andersen et al., 1997) , should contribute to optimize their applicability to the genetic engineering of disease-resistant crops.
Materials and methods
Bacterial strains and culture media
DNA manipulations were performed in Escherichia coli DH5α (hsdR17(r K -, m K + ) supE44 thi-1 recA1 gyrA (Nal r ) relA1 ∆(lacZYA-argF) U169 (m80lacZ∆M15). E.coli BL21(DE3)pLysS (Novagen, Madison, WI, USA) was the host strain for protein expression. For plasmid isolation, bacteria were grown in LB medium. Ampicillin at 100 µg/ml and chloramphenicol at 34 µg/ml were added when appropriate.
Computer model generation
Swiss-Model, a knowledge-based protein modeling tool (Peitsch, 1995) , was used to predict the atomic coordinates of the catalytic domain of Ch3 (amino acids 58-297) from the known x-ray structure of class II barley chitinase (PDB entry 2BAA). After minor local adjustments, the entire structure was subjected to several cycles of minimization using CHARMM (Brooks et al., 1983) . 
Site-directed mutagenesis
Mutagenesis was performed by two sequential polymerase chain reactions (PCR) as described by Landt et al. (1990) . The coding sequence for mature Ch3, cloned as a 913 bp fragment into pET12 (Allona et al., 1996) , was used as template in the first reaction. This step also involved the use of a primer flanking the 5′ end of the gene, 5′-ACGCGTCGACAGAACAATGTGGCAGACA-3′ (SalI site underlined), and the mutagenic primers listed in Table III . The second reaction yielded the whole chitinase gene with the desired mutation by using the product of the first PCR as a primer and a second primer flanking the 3′ end of the gene, 5′-CGGGATCCTTAGGCAAAGGGCTTTT-3′ (BamHI site underlined). A polymerase with 3′→5′ proofreading activity was used for all amplifications (Pfur, Stratagene) at 2.5 units per reaction. The final products were cut with SalI and BamHI, ligated to pET12a open with the same enzymes, and transformed into E.coli. The entire amplified products were sequenced using the above two primers as well as seven internal primers: 5′-GAACA-ATGTGGCAGAC-3′, 5′-GCGATGTTGGCAGCCT-3′, 5′-GAG-ACCACAGGAGGGTGG-3′, and 5′-GCAAGCAAACAAGC-CA-3′ (forward); 5′-ACCACCACCACTACT-3′, 5′-CCGCAA-GCTCTCTTTT-3′, and 5′-CCATAGCTTGGAACTC-3′ (reverse). Sequencing was performed in an automated ABI 373 DNA Sequencer using the ABI PRISM Dye Terminator kit (Perkin Elmer).
Heterologous expression of wild-type and mutant enzymes
E.coli BL21(DE3)pLysS cells harboring the appropriate constructs were grown at 25_C and 250 rpm to an OD 600 = 0.4. Then 1 mM IPTG was added and growth was continued for 1 h. Cells were collected by centrifugation and extracted with 200 mM Na-acetate, pH 5.5, 20% sucrose, 24 mM EDTA, 1 mM phenylmethylsulfonil fluoride. Recombinant chitinase was selectively fractionated as previously described (Collada et al., 1992) . The equivalent fraction from IPTG-induced control cells (i.e., transformed with vector) did not show detectable chitinolytic or antifungal activity (see Results).
Protein electrophoresis and immunoblotting
Protein samples were fractionated by SDS-PAGE and electrotransferred to PVDF membranes as previously described (GarciaCasado et al., 1996) . Membranes were then either stained with Coomassie brilliant blue R250 or probed with a 1:250 dilution of monospecific polyclonal antibodies to Ch3 obtained as in Collada et al. (1992) . Goat anti-rabbit IgG coupled to alkaline phosphatase (Bio-Rad) was used as secondary antibody.
Enzyme assays
The chitinolytic activity of recombinant proteins was measured by a colorimetric method that uses CM-chitin-RBV (Loewe Biochemica GmbH) as substrate. Assay conditions were as in Wirth and Wolf (1990) , except that they were now adjusted (incubation time; total amount of recombinant protein per tube) so that substrate saturation and linear rates of product formation were achieved. For these assays, proteins were suspended in 200 mM Na-acetate buffer, pH 5.5, and combined with 1/3 volume of aqueous CM-chitin-RBV. The resulting mixtures (400 µl) were incubated at 37_C for 10 min, and then the reactions were stopped by adding 100 µl of 2N HCl. Nondegraded substrate fibers were precipitated 20 min on ice and then removed by centrifugation at 12,000 × g for 30 min. The amount of soluble dye released by the chitinolytic activity was estimated spectrophotometrically. At least six independent measurements of A 550 were taken for each sample. Activities were then determined by fitting the data (five data points, from 0.15 to 0.45 µg of enzyme) to a straight line as in Wirth and Wolf (1990) .
Antifungal activity assays
All manipulations were carried out under sterile conditions. Spores of Trichoderma viride were harvested from well sporulating colonies and plated out as described previously (Schlumbaum et al., 1986) except that potato dextrose agar was used as substrate. After 36-40 h culture at 25_C, sterile filter paper discs (10 mm diameter) were laid on the agar surface and different amounts of protein solutions (filter sterile) were applied to the discs. Plates were then incubated for an additional period of 16-20 h. The mycelium adjacent to the discs was observed directly with an inverted light microscope (Prior Scientific Instruments, UK).
